Chlorine disinfection is a globally used method to ensure the safety of drinking water. However, it has not always been successful against viruses and, therefore, it is important to find new methods to disinfect water. Seventeen different coliphages were isolated from the treated municipal wastewater. These coliphages and MS2 were treated with different dosages of chlorine in drinking water, and a combined chlorine/ultraviolet irradiation treatment for the chlorine-resistant coliphages.
depend on chlorine compounds and microorganisms (Wigginton et al. ) .
The effect of chlorination has been found to vary highly depending on virus type. According to Thurston-Enriquez et al. () , free chlorine concentration of 0.50-0.54 mg/L within 15 s caused above 4 Log 10 -reduction for calicivirus, and 2 Log 10 -reduction for adenovirus type 40. Engelbrecht Ultraviolet (UV) irradiation is an increasingly used method in drinking water disinfection. It has been reported to be efficient against many bacteria and some protozoa, which were inactivated more efficiently than bacterial spores and viruses (Hijnen et al. ) . Adenoviruses have been shown to be among the most resistant microbes against UV (Meng & Rattanakul et al. , ) and it may even need a UV dose of several hundreds mWs/cm 2 to be inactivated by 6 Log 10 units (Hijnen et al. ) . Disadvantages of UV are its short-lived bactericidal effect, the possibility for viruses to survive under certain conditions, and dependency on water quality (Sobotka ) . General advantages, on the other hand, are that UV is safe to use, does not form mutagenic by-products and needs only a short contact time compared to chemical disinfection (EPA ).
The disinfection techniques combining UV and chemical oxidizing agent are used to get better disinfection efficiency than that using only a single treatment and they have been shown to increase the reduction of viruses in water. Chlorine (Shang et F-specific RNA-coliphage MS2 is often used as a virus surrogate to estimate the disinfection efficacy to enteric pathogens since its structure, morphology, and composition are closely related to those of enteric viruses (Grabow ) and it is fairly easy, safe, and rapid to analyze. However, previous studies have shown that MS2 is not as resistant as some human enteric viruses (Shin & Sobsey ; Rattanakul et al. ) . In an effort to identify new human virus surrogates for water treatment, we isolated coliphages from wastewater and analyzed their susceptibility to chlorine and successive exposure to low doses of chlorine and UV irradiation in drinking water.
METHODS

Isolation and purification of coliphages
The coliphages were isolated from wastewater effluent of the 
Chlorination experiments
Kuopio municipal tap water was used in disinfection experiments. The originally sand bank filtered lake water was treated using coagulation and filtration followed by chlorination with, on average, 0.35 mg free chlorine/L. After treatment water had a color of <5 mg Pt/L, turbidity 0.10 NTU, COD Mn 1.5 mg/L, and numbers of E. coli and enterococci 0 CFU/100 mL (Kuopio Water Company ).
The tap water was flushed for at least 3 min before six liters of water was collected in a beaker and left at room The water was spiked with 17 coliphage strains and MS2 one at a time by adding 2.0 mL of coliphage solution in 2 L of dechlorinated drinking water to reach the coliphage concentration of approximately 10 6 PFU/mL. The spiked water was divided into four replicate bottles, each containing 500 mL of water. One bottle served as a control and the volumes of the other three bottles were divided into three parallel subsamples (V ¼ 100 mL). Each of these were exposed for 10 min to total chlorine concentrations of 0, The combined effect of chlorine and UV irradiation disinfection was tested on MS2 and the six coliphages, which had proved most resistant in the chlorination experiment.
The studied coliphages were spiked into drinking water to get an initial concentration of 10 6 PFU/mL. The coliphages were exposed to total chlorine concentrations of 0.05-0.25 mg/L corresponding to free chlorine concentrations from 0.02 to 0.08 mg/L with contact times of 1-10 min, which resulted in Ct values between approximately 0.02 and 0.4 mg free chlorine × min/L. Immediately after chlorination without quenching the residual chlorine, 10.0 mL of the spiked water was pipetted into glass Petri dishes, mixed with a magnetic stirrer and exposed to 71 s to 7 min of UV yielding the dosages of 14-82 mWs/cm 2 . Coliphage density was determined before and after the treatment as described before. 
Calculations and statistical analyses
RESULTS
Inactivation of coliphages by chlorine
The concentrations of total chlorine and free chlorine were similar before and after the 10 min exposure to applied chlorine. Thus there was no decay of chlorine during the exposure (Table 2) .
There was a large variation in the sensitivity of the coliphage isolates to different concentrations of chlorine after 10 min contact time. Eleven of the 17 coliphages isolated were intermediate or sensitive to chlorination (Tables 2 and 3) . A free Cl-dosage of 0.21 mg/L (total Cl 0.50 mg/L) with 10 min contact time caused 3.8 to more than 5 Log 10 -reduction for these coliphages (p < 0.05).
MS2 coliphage was intermediate and free chlorine concentration as low as 0.04 mg/L achieved 1.7 Log 10 -reduction (p < 0.05). Free Cl-dosage of 0.12 mg/L with 10 min contact time was enough to achieve at least 5.7 Log 10 -reduction (less than detection limit) of MS2 (Table 2) . Six of seven sensitive coliphages were inactivated with free Cl-dosages of 0.04 mg/L (total Cl 0.13 mg/L) more than 1.7 Log 10À units resulting in the steep inactivation lines as shown by the slopes of the linear regression equations ( Table 2) .
Seven of the 17 isolated coliphage strains were resistant against chlorine concentrations tested and in six of seven Statistically significant differences from the control (Cl 0 mg/L), assessed by Related sample Friedman's two-way analysis of variance, are indicated with asterisks *p < 0.05. LDL ¼ less than the detection limit <1 PFU/mL. a Concentrations of total and free chlorine after 10 min contact time were 0.13 ± 0.01 mg/L and 0.04 ± 0.02 mg/L, respectively. b Concentrations of total and free chlorine after 10 min contact time were 0.31 ± 0.01 mg/L and 0.10 ± 0.03 mg/L, respectively. c Concentrations of total and free chlorine after 10 min contact time were 0.47 ± 0.04 mg/L and 0.19 ± 0.07 mg/L, respectively.
cases the slopes and R 2 values of linear regression equations were low indicating no or almost no reduction of coliphages (Table 2) .
Inactivation of coliphages with the combined chlorine and UV treatment
First applying chlorine with Ct values of 0.1-0.4 mg free Cl × min/L (0.02 mg/L to 0.08 mg/L free chlorine for 5 min) and then UV with a dosage of 14 mWs/cm 2 , without quenching the residual chlorine, achieved 0.6 to above 5.4
Log 10 -reductions reaching the detection limit for the tested chlorine-resistant coliphage strains (Figure 1 ). Approxi- The Ct value of 0.4 mg free chlorine × min/L (0.08 free chlorine for 5 min) followed by 22 mWs/cm 2 UV achieved more than 6.0 Log 10 -reductions for MS2.
DISCUSSION
The present study showed that the coliphage strains isolated by us have a high variation in their resistance against chlorine disinfection (Table 2) . Coliphages were grouped into three categories: chlorine-resistant, intermediately chlorine-resistant, and sensitive to chlorine (Table 3) MS2 has been shown to be as sensitive to chlorination as norovirus, but more sensitive than poliovirus (Shin & Sobsey ) . MS2 thus seems to be a poor surrogate for the chlorine-resistant viruses and better surrogates could be found among the chlorine-resistant coliphages. These, however, should be studied in more detail and to compare their chlorine resistance to those of resistant enteric viruses, such as polioviruses.
In our work the inactivation of coliphages by 1-10 min In addition, the radicals formed in the simultaneous presence of chlorine and UV irradiation may be responsible for the damage to virus particles (Watts & Linden ) .
The benefit of our study for water treatment is the high efficiency of the combined treatment for inactivation of the resistant viruses, which allowed using lower disinfection dosages and lower contact times. The combined use of chlorine and UV irradiation would mean that the dosages of chlorine could be decreased, which leads to a saving in 
CONCLUSIONS
In conclusion, we noticed a high variation in the sensitivity of different coliphage strains to chlorine. The sensitive strains were inactivated already at the dosage of 0.04 mg/L free chlorine (0.1 mg/L total chlorine) and 10 min contact time but the most resistant strains were not inactivated even with 0.2 mg/L free chlorine. In contrast, the most chlorine-resistant strains could be efficiently inactivated when a low dosage of chlorine was combined with low dosages of UV showing that the combination is more efficient in disinfection than the chlorination alone and suitable especially against the most chlorine-resistant coliphages. MS2, generally used as a surrogate virus, was intermediately resistant to chlorine, and thus it is not an optimal choice to indicate resistant viruses.
